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APPROACHES FOR
GROUND-WATER DATING

By L. Niel Plummer, John-Karl Bohlke,
and Eurybiades Busenberg

Measurements of the concentrations of atmo-
spheric gases and isotopic substances in ground water
were used to interpret the age of shallow ground water
in the Chesapeake Bay Watershed. Ground-water ageis
defined as the time elapsed since recharge—when the
water entered the ground-water system. All ages are
regarded as apparent ages because they are based on an
interpretation of measured concentrations of environ-
mental tracersin ground water. Several dating tech-
nigues are used, each of which has advantages and
limitations (Plummer and others, 1993; Cook and
Solomon, 1997; Solomon and Cook, 1999; Plummer
and Busenberg, 1999). Therefore, greater confidence in
apparent age commonly is realized as multiple dating
techniques are applied to the same sample. Furthermore,
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by examining the relations among the various tracers,
some physiochemical processes affecting the tracers
become apparent. In the present study, concentrations of
chlorofluorocarbons (CFCs), sulfur hexafluoride (SFg),
tritium (3H), and tritium/helium-3 (3H/3He) ratio were
used to interpret ground-water ages.

The relation between estimates of the atmo-
spheric concentrations of CFCs and SFg (Plummer and
Busenberg, 1999) and 3H in precipitation at Washing-
ton, D.C., isshowninfigure 7 (R.L. Michel, U.S. Geo-
logical Survey, written commun., 1999). Meteoric water
recharged within the Chesapeake Bay Watershed during
the past 50 years contains these tracers, and the concen-
trations in ground-water recharge have varied with time,
making it possible to use this variation to estimate
ground-water age. Dating methods that depend in part
on solubilities of atmospheric gasesin ground water
(CFC, SFg, and to alesser extent, 3H/3He dati ng)
reguire evaluation of the recharge temperature.
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U.S. Geological Survey, unpub. data, 1999).

Recharge Temperatures, Excess Air, and
Quantities of Nitrogen from Denitrification

Recharge temperature is the temperature at the
water table during recharge. Recharge temperatures
were determined for individual samples using dissolved
N, gas and Ar concentrations (Heaton, 1981; Heaton
and Vogel, 1981; Heaton and others, 1983; Busenberg
and others, 1993; Stute and Schlosser, 1999). The accu-
racy of this method istypically + 0.5 °C on laboratory
standards. Recharge temperatures of ground-water sam-
ples determined from concentrations of dissolved N, gas
and Ar have larger uncertainties than those for labora-
tory standards because of uncertainty in recharge eleva-
tion (barometric pressure during recharge) and the

13

presence of excess air. Because the recharge elevation of
most samples from the Chesapeake Bay Watershed
probably is known to within + 300 ft, this source of
uncertainty in recharge temperatures probably is less
than = 1 °C in most cases. In reducing waters, denitrifi-
cation processes can reduce dissolved NO'3 to N, gas.
If not recognized and corrected for, denitrification leads
to awarm bias in the calculated recharge temperature,
an overestimation of excess air in ground-water sam-
ples, and an underestimation of total NO_3 initially
recharged in ground water. Several procedures were
utilized to refine recharge temperatures, excess air, and
amounts of denitrification.



(1) In aerobic samples, with concentrations of dis-
solved oxygen greater than approximately
1-2 mg/L, it generally was assumed denitrifi-
cation had not occurred, and in most cases, the
samples were not mixtures of anaerobic and
aerobic waters. The recharge temperature and
excess air were calculated directly from the
dissolved N, gas and Ar data, using the sam-
ple elevation as an estimate of the recharge
elevation. The quantity of N, gas derived from
denitrification was assumed to be zero.

(2) In waters with concentrations of dissolved oxy-
gen lessthan approximately 1-2 mg/L, thereis
potential for denitrification. For samples of
these waters, several additional procedures
were used to estimate recharge temperature,
excess air, and amounts of N, derived from
denitrification. The quantity of excessair
could be calculated within + 0.1 cm?® kg™t
water from dissolved Ne data, because the sol-
ubility of Nein water isrelatively insensitive
to temperature variations in shallow ground
water (Stute and Schlosser, 1999). Having
defined the excess air quantity from the Ne
data, the Ar and N, gas data were then used to
determine the recharge temperature and
amount of denitrification. If no Ne datawere
available, average quantities of excessair or
average recharge temperatures were assumed,
on the basis of results from aerobic samplesin
the watershed or results from local samples
that had Ne analyses, and then used with the
dissolved N, gas and Ar data to estimate
guantities of denitrification. The procedure
usually led to consistent results for agiven
watershed.

Dating with Chlorofluorocarbons

Ground-water dating with chlorofluorocarbons
(CFCs) isbased on historical datafor the atmospheric
mixing ratios of these compounds over the past 50 years
(fig. 7), the Henry's Law solubilities of CFCs in water,
and measurements of CFC concentrations in water sam-
ples (Busenberg and Plummer, 1992; Plummer and
Busenberg, 1999). Anthropogenic sources of CFCs (in
addition to that of the atmosphere) cause ayoung biasin
apparent age or result in samples with CFC concentra-
tionsthat are larger than those possible for equilibrium
of water with modern air (termed “contaminated”).
Samples with low concentrations of dissolved oxygen
may have lost CFCs because of microbial degradation,
particularly CFC-11, leading to an old biasin age. The
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turnover in air-mixing ratios for CFC-11 and CFC-113
in the 1990s (fig. 7) also leads to ambiguity in age, with
apparently modern ages that span the 1990s. The slow
risein CFC-12 air-mixing ratios during this study per-
mitted age interpretation of modern waters but required
measurement of recharge temperature for individua
samples. The CFC-12 ages of waters recharged in the
1990s thus had uncertainties larger than those associated
with SFg or H/°He.

Dating with Sulfur Hexafluoride

Sulfur hexafluoride (SFg) isaccumulating rapidly
in the atmosphere; the current growth rate is about
6 percent per year (Busenberg and Plummer, 2000). SFg
can be analyzed to a precision of 1-3 percent, and, even
though atmospheric mixing ratios are small (currently
about 5 pptv), dating with SFg is possible for waters
recharged from about 1970 to the present (Busenberg
and Plummer, 2000). SF¢ provides auseful alternativeto
CFC dating in the late 1990s because CFC air-mixing
ratios leveled off or declined. The historical air-mixing
ratio of SF¢ (fig. 7) has been reconstructed from produc-
tion records and atmospheric measurements (Maiss and
others, 1996, Geller and others, 1997; Maiss and Bren-
ninkmeijer, 1998).

Apparent ground-water ages based on SFg con-
centrations can be fairly sensitive to quantities of excess
air trapped and dissolved during recharge. An iterative
procedure (Busenberg and Plummer, 2000) was used to
resolve ages on the basis of Sk utilizing the measured
amount of excess air and subtraction of the excess air
from the sample with gas composition corresponding to
the age of the sample. Natural, low-level, terrigenic
sources of SFg also are present in some crystallinerocks
(Busenberg and Plummer, 2000). Water samples con-
taining excess SFg from rocks have apparent ages that
are too young. This process may have affected waters
from some wells sampled in the Chesapeake Bay Water-
shed. SFg apparently is not affected by microbial degra-
dation in ground water (Busenberg and Plummer, 2000).

Tritium Dating

Large amounts of tritium (3H) were injected into
the stratosphere from atmospheric testing of nuclear
weapons, primarily in the mid-1960s (Rozanski and oth-
ers, 1991). This bomb-related 3H continues to rain out
worldwide but at much lower concentrations than during
the mid-1960s. Following recharge, ®H decaysin
ground water with a half-life of 12.4 years. Reconstruc-
tion of local 3H records for precipitation can be used, to
afirst approximation, to infer some aspects of ground-



water age. For example, a smoothed record of SHin pre-
cipitation at Washington, D.C. is shown in figure 8.

A seriesof parallel lines define the decay paths of points
along the precipitation input function over time. For
example, water recharged prior to the 1950s should con-
tain, in the year 2000, lessthan 0.1 TU. Water recharged
in the year 1965 would now contain approximately

70 TU. The 3H input function of figure 8 is greatly
smoothed at half-year intervals. In actuality, 3H in pre-
cipitation is quite variable between seasons and between
individual precipitation events(fig. 7). It also is apparent
that, because of the multiple peaksin ®H content of pre-
cipitation, decay lines (fig. 8) can intercept multiple pos-
sible years of recharge. During the past 25 years, the 3H
content of precipitation decreased at approximately the
same rate as ®H decay and, consequently, meteoric
water recharged since about 1975 and sampled in the
late 1990s to 2000 contains about 10 TU in the Wash-
ington, D.C., area (fig. 8); thus, dating with °H aloneis
qualitative at best. Still, the 3H data can be quite useful
in recognizing post-bomb waters, and together with

other atmospheric tracers, the 3H concentration can be

very useful in recognizing ground-water mixtures. Fur-
thermore, terrigenic sources of H are negligible, and 3H
is not affected by microbial degradation processes.

Because of various meteorological processes and
atmospheric moisture sources (Rozanski and others,
1991), it generally is necessary to construct alocal
record of “3H-in-preci pitation” for aparticular region
being studied. Several scaling procedures exist for
reconstruction of local ®H records on the basis of
records from parts of the United States (Michel, 1989)
and reports from the International Atomic Energy
Agency (IAEA). In this study, the ®H record at Washing-
ton, D.C., was multiplied by a scaling factor determined
from local measurements of 3H in recent recharge. For
example, the Washington, D.C., record was multiplied
by ascaling factor of 0.73 to estimate along-term H
record in the Blue Ridge in Shenandoah National Park
(Plummer and others, 2001).
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Figure 8. A smoothed record of tritium in precipitation at Washington, D.C. Parallel
lines show the path of decay of tritium in ground water if recharged from precipitation
in the years 1951, 1955, 1960, 1965, 1970, 1975, and 1980.



Tritium/Helium-3 Dating

Tritium/helium-3 (3H/3He) dating is based on the
radioactive decay of 3H (half-life 12.4 years). In closed
systems, determination of both 3H and tritiogenic 3He
(the daughter product of 3H decay) in ground water can
define theinitial 3H content and allow calculation of the
3H/*He age. Details of 3H/3He dating procedure are
given in Schlosser and others (1988, 1989), Poreda and
others (1988), Solomon and Sudicky (1991), Solomon
and others (1993), Ekwurzel and others (1994), and
Solomon and Cook (1999).

3H/3He dating has two advantages over dating
with atmospheric gases. First, the age is based on aniso-
tope ratio, so mixing of young and old, 3H-free (pre-
bomb), water does not, in principle, affect the apparent
age of the young fraction. Secondly, by measuring SH
and tritiogenic ®He, the initial 3H content is determined
analytically. The most serious limitations specific to
3H/°He dati ng of ground water in the Chesapeake Bay
Watershed are addition of terrigenic helium from crys-
talline rock sources and loss of 3He by degassing during
sampling.

Mixing Models

Water pumped from awell or discharging from a
spring is amixture of the waters from all the flow lines
reaching the discharge point. The age frequency distri-
bution and mean age of the mixture affect the interpreta-
tion of the ground-water dating methods as well as the
interpretation of other ground-water contaminant fluxes
(Bohlke, 2002; this section). Three hypothetical mixing
models that can be used to describe some of the varia-
tion normally seen in ground-water mixtures are piston
flow, exponential mixing, and binary mixing (Cook and
Bohlke, 1999). In some cases, the water reaching the
open interval of awell or discharging at a shallow water-
table spring is nearly uniform in age and can be approx-
imated with a piston-flow model, asif the water flowed
through a pipe from the point of recharge to the point of
discharge without mixing during transit. Exponential
mixing can describe discharge of water from well-mixed
reservoirs, such as some lakes, or discharge from an
unconfined aquifer receiving uniform areal recharge
(Eriksson, 1958; Vogel, 1967; Maloszewski and Zuber,
1982; Maloszewski and others, 1983). One of the sim-
plest mixing models to consider, and perhaps the most
important in many fractured-rock environments, is
binary mixing of young water with old (pre-tracer)
water. In this case, a simple dilution occurs because the
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old fraction is assumed to be free of the tracer and, con-
sequently, the age of the young fraction can be calcu-
lated from the ratio of two tracers.

Theratios of CFCs and SF¢ over time are shown
in figure 9. If the old fraction is CFC-free, and no other
processes affect CFC concentrations other than air-
water equilibrium, then the CFC-11/CFC-12 ratio will
define the age of the young fraction if the ground water
recharged between the late 1940s and about 1977
(fig. 9). Similarly, the CFC-113/CFC-12 ratio will
define the age of the young fraction if the ground water
recharged in the 1980s to the early 1990s (fig. 9). The
ratio SFg/CFC-12 also may prove useful in dating mix-
tures of young and old water. Once the age of the young
fraction is determined (using tracer ratios), the fraction
of young water in the mixture is determined from the
ratio of the tracer concentration in the sample to the con-
centration expected for an un-mixed sample of age cor-
responding to the young-fraction age.

Because the various environmental tracers con-
sidered here have differing temporal patternsto their
input functions, plots of one tracer against another can
be useful in distinguishing hypothetical mixing pro-
cesses that may affect the samples, in addition to recog-
nizing samples affected by microbial degradation and
(or) anthropogenic contamination. In the plotsused in
this report, the CFC and SF¢ concentrations were
expressed as the atmospheric gas-mixing ratios (in parts
per trillion by volume) that would bein equilibrium with
the measured concentrations in the water at the No-Ar-
based recharge temperature, adjusted for the effect of
recharge elevation. The normalized gas-mixing ratios
are preferred to the measured concentrations because
the normalization removes effects of local variationsin
recharge temperature and elevation and permits direct
comparison of the data to regional records of atmo-
spheric-mixing ratios.

Theoretical variations in the concentrations of
CFCs, SFg, and SHin response to piston flow, exponen-
tial mixing, and binary mixing are shown in figure 10.
Measured values for water samples will plot within the
areas in the diagrams bounded by the curves represent-
ing the different concentrations of the modeled tracer, if
no other processes have affected them. Samples with
tracer concentrations that plot far outside the bounded
areas may be contaminated or degraded. For example, it
isrelatively common for anaerobic ground waters to
plot below the curvesin figure 10; relatively low
CFC-11/CFC-12 ratios indicating degradation of
CFC-11. Weater from many springs in the Chesapeake
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Figure 9. Atmospheric ratios of chlorofluorocarbon (CFC) and sulfur hexafluoride
(SFg) used in dating water or in dating the young fraction in mixtures of young water

and old (tracer-free) water.

Bay Watershed plot outside the curves because of local
CFC or SFg contamination. The mode! calculations for
CFCsare nearly insensitive to expected variationsin the
amount of excess air, but similar calculations involving
SFg are sensitive to variations in excess air because of
the low Henry’s law solubility of SF¢ relative to solubil-
ities of CFCs.

If al tracers were reliable (no contamination, no
degradation), it should be possible to derive information
about the age frequency distribution and the magnitude
of the mean agein asample. A water samplethat isnot a
mixture should plot somewhere along the solid piston-
flow curvesfor al the tracers at points corresponding to
the single age of the water. For example, point A would
represent the composition of water recharged in 1984,
with an age of 15 yearswhen collected in 1999 (fig. 10).
Samplesthat do not plot on the piston-flow curves are
more likely to represent mixtures. An exponential mix-
ture should plot somewhere aong the exponential-mix-
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ing curves at points corresponding to a single mean age.
For example, point B would represent the composition
of water with an exponential model mean age of

25 years when collected in 1999 (fig. 10). Binary mix-
tures could plot almost anywhere within the bounded
area depending on the ages of the end members. The
simplest case (represented by the heavy dashed linein
figure 10) would be a binary mixture of modern (1999)
water and old (pre-tracer) water. For a sample plotting
on thislimiting mixing line, the fractions of the two end
members could be determined by the lever rule. For
example, point C would represent the composition of a
binary mixture consisting of 50 percent 1999 water and
50 percent pre-tracer water). Mean ages for binary mix-
tures of this type are not known because the age of the
old fraction is not known. However, minimum mean
agesfor binary mixtures can be derived from the mixing
fractions and the minimum age of the appropriate tracer-
free water (for example, a sample plotting at point C,
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Figure 10. Environmental tracers in ground waters sampled in 1999. Abundance of
tracer pairs are shown as continuous curves corresponding to different ground-water
mixing models: (1) Thin solid lines (including points “A”) indicate compositions of
discrete water parcels with single ages (corresponds to the “piston-flow” model);
numbers in normal type indicate compositions corresponding to apparent ages ranging
from O to 40 years. (2) Heavy curves (including points “B") indicate compositions of
mixtures with exponential age distributions (“exponential model”); numbers in bold italics
indicate compositions corresponding to mean ages ranging from 0 to 100 years.

(3) Dashed lines (including points “C”) indicate compositions of binary mixtures with
varying fractions of “young” water with age of 0 years and “old” water that has no
detectable tracer (for example, age > 47 years for 3H, > 60 years for CFC-12, etc.).
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halfway between the limiting end members for CFC-12
and 3H, would have a minimum mean age correspond-
ing to [0.5 % 0] +[0.5 x 60] = 30 years).

The most common assumption made about
binary mixturesin the Chesapeake Bay samplesis that
they contain afraction of old (pre-tracer) water and a
fraction of younger water with a piston-flow age some-
where between the pre-tracer age and the date of collec-
tion (Plummer and Busenberg, 1999). A sample of this
type would plot on amixing line from the originto a
point on the piston-flow curve corresponding to the age
of the young fraction. The slope of amixing line ema-
nating from the origin would be equal to the tracer ratio
shown in figure 9 for the young fraction. For example,
ages of young fractions in many of the waters from frac-
tured-rock environments in the Chesapeake Bay Water-
sheds (such as at the Mahantango Creek Watershed and
the Muddy Creek Watershed) were calculated using the
CFC-113/CFC-12 ratio, and the fraction of the young
water in the mixture was calculated from the ratio of the
measured parts per trillion by volume to that corre-
sponding to the recharge year. It is evident from
figure 10 that the uncertainties in calculated ages of
mixing fractions will depend on the tracer used and on
the value of the age of the young fraction. For example,
it would not be possible to distinguish from the
CFC-113/CFC-12 ratio of a binary mixture whether the
young fraction had an age of 0 or 10 years (fig. 10).
Also, because of the way the different tracer concentra-
tionsin the atmosphere have changed over time, it may
not be possible to distinguish between mixing models
for some combinations. For example, because CFC-11
and CFC-12 have similar historical records, the piston-
flow, exponential-mixing, and binary-mixing models all
yield similar curves (fig. 10) despite the fact they could
represent very different age distributions and magni-
tudes.

Some of the most useful indicators of binary mix-
tures of old and young waters are combinations of 3H
and gas-tracer data. Because atmospheric °H concentra-
tions have been elevated for along time, old-water com-
ponents can be identified by anomalously low 3H
concentrations in comparison with CFCs or Sk (for
example, point C). Similarly, apparent piston-flow ages
based on CFCs and Sk, if not corrected for mixing with
old water in fractured-rock systems, can be biased old
relative to 3H/3He ages. Because of ambiguitiesin dis-
tinguishing age-distribution models, and the possibility
of degradation or contamination of various constituents,
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it isimportant to consider simultaneously as many dif-
ferent tracer measurements as possible in a single sam-
ple to determineits history and age.

Environmental Tracer Data from the
Chesapeake Bay Watersheds

Age information obtained as a part of this study
was based on CFCs, SFg, °H, and 3H/*He. Most tracer
measurements are compared in figures 11 and 12. Sam-
ples with elevated concentrations of CFCs (CFC-11 >
300 pptv, CFC-12 > 600 pptv, and CFC-113 > 100 pptv)
and SFg (> 5 pptv) were considered “ contaminated,”
could not be used for dating purposes, and are not
shown on figures 11 and 12. Sources of CFC contamina-
tion usually are anthropogenic in nature (Plummer and
Busenberg, 1999), and Sk concentrations in excess of
air-water equilibrium and excess air values are usually
from terrigenic sources.

Concentrations of CFCs and SFg in figures 11
and 12 are expressed in parts per trillion by volume,
which was cal culated from the measured concentration
in water at the N,-Ar-based recharge temperature and
estimated recharge elevation. Concentrations of SFg
were corrected for the presence of excessair, assuming a
piston-flow model (Busenberg and Plummer, 2000).
3H concentrations are in tritium units and are compared
to the record of 3H in precipitation at Washington, D.C.,
decayed to the year 1999. Each plot compares one tracer
to another. Model lines are included for piston flow,
exponential mixing, and binary mixing of modern
(1999) and old (pre-tracer) water. The “+” signs on the
piston-flow line indicate specific recharge dates and the
dots along the exponential-mixing lines correspond to
mean residence times. Similar plots are presented in
later sections of thisreport showing data specific to each
watershed.

Examination of all samples from the Chesapeake
Bay Watershed suggests some general features regard-
ing applicability of particular tracersfor dating. Overall,
CFC-11 tends to be depleted relative to CFC-12
(fig. 11A) and may be degraded microbially relative to
CFC-12 (Plummer and Busenberg, 1999) in soilsor in
ground-water environments with low concentrations of
dissolved oxygen. Except in afew specific cases,
CFC-11 data generally were not used for dating the
samples from the Chesapeake Bay Watershed. Many
water samples have CFC-12 and CFC-113 concentra-
tionsthat plot within regions bounded by piston flow
and binary mixing of young and old water (fig. 11B) and
may be useful for dating. Many samples plot parallel to
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Figure 11. Relation between concentrations of environmental tracers in waters from the Chesapeake Bay
Watersheds. A. CFC-11 and CFC-12; B. CFC-113 and CFC-12; C. ®H and CFC-12; and D. 3H and
CFC-113. Model lines are included for piston flow, exponential mixing and binary mixing of modern (1999)
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Figure 12. Relation between concentrations of environmental tracers in waters from the Chesapeake Bay
Watersheds. A. CFC-11 and SFg; B. CFC-12 and SFg; C. CFC-113 and SFg; and D. 3H and SFg. Model lines
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the piston-flow line but are somewhat elevated in
CFC-12 relative to CFC-113 (fig. 11B), especialy for
therelatively young samples (post-1985 recharge dates).
Plummer and others (2001) observed enrichment of
approximately 2 percent on averagein CFC-12in air
samplesfrom Shenandoah National Park, Va,, relative to
that at Niwot Ridge, Colo., during the course of this
study. Although local enrichment of air may account for
some elevation in CFC-12, many samples are enriched
by 10 percent or morein CFC-12 relative to Niwot
Ridge, an enrichment greater than that measured in air
samples at Shenandoah National Park. Because the pis-
ton-flow line for CFC-113 turns over in post-1995 sam-
ples, many samples that appear enriched in CFC-12
could be mixtures of recent and somewhat older water.
Only afew samples appear to be elevated in CFC-113
relative to CFC-12; a greater proportion of samples are
depleted in CFC-113 relative to CFC-12 (fig. 11B).
There may be aremoval process that preferentially low-
ers CFC-113 relative to CFC-12—possibly sorption
onto organic matter in shallow ground water. Not all
samples appear to be affected by this process.

Another group of samples from the Chesapeake
Bay Watershed appearsto be very old, based on the low
concentrations of CFC-113 and CFC-12, though these
samples also could be from methanogenic environments
where all CFCs can be degraded microbially. Dissolved
CH, was measured routinely for the Chesapeake Bay
samples and is used in later sections of this report to
screen those samples that could have concentrations of
CFC-113 and CFC-12 lowered by microbial degrada-
tion. Further evidence for old water in samples with low
CFC concentrations s low 2H activities (figs. 11C
and 11D). Other samples plot very close to the piston-
flow line, particularly those with apparent recharge dates
between 1970 and 1975, and may be largely unmixed.
Other samples are consistent with binary mixtures of
modern (1999) water and old, pre-CFC and pre-3H
water. Most other samples appear to be mixtures, some
with apparent exponential (mean residence time) ages of
10-20 years (fig. 11B).

The relations between 3H and CFC-12 (fig. 11C)
and CFC-113 (fig. 11D) show that most samples from
the Chesapeake Bay Watershed can be interpreted as
mixtures that lie between the lines for piston flow and
binary mixing of modern and old (pre-*H and pre-CFC)
water. Strong evidence for mixing (of any type) isindi-
cated by the absence of any samples retaining the
decayed, initial 3H activity from the mid- and late-1960s
bomb peak (figs. 11C and 11D).
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Concentrations of CFC-11, CFC-12, CFC-113,
and 3H are compared to SFg concentrationsin
figures 12A-12D for all the samples from the Chesa-
peake Bay Watershed. Although there are specific cases
where SFg appears to be a useful tracer, its application
to dating is complicated by potential, unknown amounts
of excess SFg. SFg concentrations can be elevated in
samples with low concentrations of CFCs and 3H
(fig. 12A-12D). This suggests that SFg accumulatesin
water samples with increasing age, presumably from
terrigenic sources. Many samples from the Chesapeake
Bay Watershed probably have elevated SFg concentra-
tions (fig. 12). In the comparison of SFg and CFC-12,
which isthe CFC least affected by microbial degrada-
tion, the youngest samples plot within the region
bounded by the piston-flow and simple binary-mixing
curves (fig. 12B), but with increasing age (lower
CFC-12 concentration), many samples are shifted off
the piston-flow line with elevated SFg concentrations
that exceed that of simple binary mixing of modern and
old water (fig. 12B). A few samples from the Chesa
peake Bay Watershed plot along the piston-flow lines
for CFC-12 relative to SFg and CFC-113 relative to Skg
(figs. 12B and 12C) and may be unaffected by terrigenic
SFg. The least useful combination of tracersis CFC-11
and SFg, where effects of microbial degradation on
CFC-11 and contamination of SFg from terrigenic
sources combine to shift most samples from the Chesa-
peake Bay Watershed outside of the regions bounded by
any possible mixing models (fig. 12A).

Figure 12D compares ®H to SFg and was con-
structed using the 3H record for precipitation in Wash-
ington, D.C. These data are probably better suited for
application to the Muddy Creek, Va., and Mahantango
Creek, Pa., Watersheds, than for watersheds south and
east of Washington, D.C. In moving south and east of
Washington, D.C., moisture from continental air masses
apparently mixes with greater proportions of Atlantic
moisture, resulting in a general lowering of 3H content
of precipitation. Consequently, points south and east of
Washington, D.C. (such as at the Polecat Watershed,
central Virginia), and particularly on the Delmarva,
Eastern shore region (areas of Green Run, Forth Fork
Green Run, and Wayne Tulls Farm) probably have °H
concentrations in precipitation that are lower than those
recorded at Washington, D.C. It will be shown later that
most of the relatively young points plotting below the
binary-mixing line on figure 12D are from the Del-
marva, Eastern shore region, and if alowered 3H in
precipitation input function is used, these samples plot
in the modern region or along the smple mixing line



between modern and old water. Along the Delmarva
Eastern shore region, a®H function was estimated by
multiplying the Washington, D.C., record by the factor
0.66. Inspection of figure 12D suggests that, in general,
samples from the Chesapeake Bay Watersheds that are
older than about 20 years may be more significantly
affected by excess sources of SFg than samples younger
than 20 years.

Lithology is probably an important consideration
in determining regions best suited for application of SFg
to dating. Busenberg and Plummer (2000) found excess
SFgin ground waters from crystalline rocks and Paleo-
zoic limestones but not in sand aquifers such asin the
Delmarva, Eastern shore region. Of the four regions
investigated, SFg appears least suited for dating in the
siliciclastics of the Mahantango Creek Watershed and
the Paleozoic carbonates at Muddy Creek, Va., and bet-
ter suited for dating water in the Piedmont regolith of
the Polecat Creek Watershed and best for dating water in
the sands of the Delmarva, Eastern shore region.

Ageinformation specific to individual water-
shedsis discussed separately in later sections of this
report and tabulated in the appendixes.

References Cited

Bohlke, J.K., 2002, Groundwater recharge and agricul-
tural contamination: Hydrogeology Journal,
v. 10, p. 153-179. [Erratum: Hydrogeology Jour-
nal, v. 10, p. 438-439.]

Busenberg, Eurybiades, and Plummer, L.N., 1992, Use
of chlorofluorocarbons (CCl sF and CCl,F,) as
hydrologic tracers and age-dating tools—Exam-
ple - The alluvium and terrace system of central
Oklahoma: Water Resources Research, v. 28,
p. 2,257-2,284.

2000, Dating young groundwater with sulfur
hexafluoride—Natural and anthropogenic
sourcesof sulfur hexafluoride:  Water Resources
Research, v. 36, p. 3,011-3,030.

Busenberg, Eurybiades, Weeks, E.P, Plummer, L.N.,
and Bartholemay, R.C., 1993, Age dating ground
water by use of chlorofluorocarbons (CCl3F and
CCl,F,), and distribution of chlorofluorocarbons
in the unsaturated zone, Snake River Plain
aquifer, Idaho National Engineering Laboratory,
Idaho: U.S. Geologica Survey Water-Resources
Investigations Report 93-4054, 47 p.

23

Cook, PG., and Bohlke, J.K., 2000, Determining times-
cales for groundwater flow and solute transport,
in Cook, P, and Herczeg, A., eds., Environmental
tracersin subsurface hydrology: Boston, Mass.,,
Kluwer Academic Publishers, p. 1-30.

Cook, PG., and Solomon, D.K., 1997, Recent advances
in dating young groundwater—chlorofluorocar-
bons, 3H/°He, and 8°Kr:  Journal of Hydrology,
v. 191, p. 245-265.

Ekwurzel, B., Schlosser, P, Smethie, W., Jr., Plummer,
L.N., Busenberg, E., Michel, R.L., Weppernig,
R., and Stute, M., 1994, Dating of shallow
groundwater—Comparison of the transient trac-
ers 3H/%He, chlorofluorocarbons and &5Kr:
Water Resources Research, v. 30, p. 1,693-1,708.

Eriksson, Erik, 1958, The possible use of tritium for
estimating groundwater storage:  Tellus, v. 10,
p. 472-478.

Gdler, L.S., Elkins, JW., Lobert, JM., Clarke, A.D.,
Hurst, D.F, Butler, JH., and Myer, R.C., 1997,
Tropospheric SFg—Observed latitudinal distribu-
tion and trends, derived emissions and interhemi-
spheric exchangetime:  Geophysical Resources
Letters, v. 24, p. 675-678.

Heaton, T.H.E., 1981, Dissolved gases—Some applica-
tions to groundwater research: Transactions of
the Geological Society of South Africa, v. 84,
p. 1-97.

Heaton, T.H.E., Talma, A.S., and Vogel, J.C., 1983, Ori-
ginand history of nitrate in confined groundwater
in the Western Kalahari:  Journa of Hydrology,
v. 62, p. 243-262.

Heaton, T.H.E., and Vogel, J.C., 1981, “Excessair” in
groundwater:  Journal of Hydrology, v. 50,
p. 201-216.

Maiss M., and Brenninkmeijer, C.A.M., 1998, Atmo-
spheric SFe—Trends, sources, and prospects:
Environmental Science and Technology, v. 32,
p. 3,077-3,086.

Maiss, M., Steele, L.P, Francey, R.J., Fraser, PJ., Lan-
genfelds, R.L., Trivett, N., and Levin, |., 1996,
Sulfur hexafluoride—A powerful new atmo-
spheric tracer:  Atmospheric Environment,

v. 30, p. 1,621-1,229.

Maloszewski, P, Rauert, W., Stichler, W., and Herr-
mann, A., 1983, Application of flow modelsto an
Alpine catchment area using tritium and
deuterium data:  Journal of Hydrology, v. 66,

p. 319-330.



References Cited—Continued

Maloszewski, P, and Zuber, A., 1982, Determining the
turnover time of groundwater systems with the
aid of environmental tracers—1. Models and
their applicability: Journal of Hydrology, v. 57,
p. 207-231.

Michel, R.L., 1989, Tritium deposition over the conti-
nental United States, 1953-1983, in Delleur, JW.,
ed., Atmospheric Deposition:  Wallingford, UK,
International Association of Hydrological Sci-
ences, p. 109-115.

Plummer, L.N., and Busenberg, Eurybiades, 1999,
Chlorofluorocarbons, in Cook, P, and Herczeg,
A., eds., Environmental tracersin subsurface
hydrology: Boston, Mass., Kluwer Academic
Publishers, p. 441-478.

Plummer, L.N., Busenberg, Eurybiades, Bohlke, JK.,
Nelms, D.L., Michel, R.L., and Schlosser, P,
2001, Groundwater residence times in Shenan-
doah National Park, Blue Ridge Mountains,
Virginia, USA—A multi-tracer approach:
Chemical Geology, v. 179/1-4, p. 93-111.

Plummer, L.N., Michel, R.L., Thurman, E.M., and
Glynn, PD., 1993, Environmental tracersfor age-
dating young ground water, in Alley, W.M., ed.,
Regional ground-water quality: New York, Van
Nostrand Reinhold, p. 255-294.

Poreda, R.J., Cerling, T.E., and Solomon, D.K, 1988,
Tritium and helium isotopes as hydrologic tracers
in a shallow unconfined aquifer:  Journal of
Hydrology v. 103, p. 1-9.

24

Rozanski, K., Gonfiantini, R., and Araguas-Araguas, L .,
1991, Tritium in the global atmosphere—Distri-
bution patterns and recent trends:  Journal of
Physics G: Nuclear and Particle Physics, v. 17,
p. S523-S536.

Schlosser, P, Stute, M., Dorr, H., Sonntag, C., and Mun-
nich, K.O., 1988, Tritium/3He dating of shallow
groundwater: Earth and Planetary Science Let-
ters, v. 89, p. 353-362.

Schlosser, P, Stute, M., Sonntag, C., and Munnich,
K.O., 1989, Tritiogenic *Hein shallow
groundwater: Earth and Planetary Sciences
Letters, v. 94, p. 245-256.

Solomon, D.K., and Cook, PG., 1999, 3H and 3He, in
Cook, P, and Herczeg, A., eds., Environmental
tracersin subsurface hydrology: Boston, Mass.,
Kluwer Academic Publishers, p. 397-424.

Solomon, D.K., Schiff, S.L., Poreda, R.J., and Clark,
W.B., 1993. A validation of the H/*He method
for determining groundwater recharge: Water
Resources Research, v. 29, p. 2,951-2,962.

Solomon, D.K., and Sudicky, E.A., 1991, Tritium and
helium 3 isotope ratios for direct estimation of
spatial variations in groundwater recharge:
Water Resources Research, v. 27, p. 2,309-2,319.

Stute, M., and Schlosser, P, 1999, Atmospheric noble
gases, in Cook, P, and Herczeg, A., eds., Envi-
ronmental tracers in subsurface hydrology:
Boston, Mass., Kluwer Academic Publishers,
p. 349-377.

Vogel, J.C., 1967, Investigation of groundwater flow
with radiocarbon, in Isotopes in hydrology:
Vienna, International Atomic Energy Agency,
Nov. 14-18, 1966 [Proceedings], p. 355-3609.



